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SUMMARY

The kinetics of inhibition of acetylcholinesterase by three metiiyhearbamates was ex-

plored, and it was showmi that time observations of both short-term and steady-state
inhibitions were satisfactorily accounted for if one assumned thiat a reversible complex

was formed prior to carbamylation of the enzyme. New kinetic evidence for thie existence

of such a complex was also provided. Both thie complex formatiomi and the carbamylation

steps were inhibited by the substrates acetylthiocholine and 1-naphthyl acetate. The de-
carbamylation step was not affected by 2-pyridine-aldoxime metiiiodide. 1-Naphthyl

methylcarbamate did not affect a muscle preparation containing acetylchohine receptor.

IXTRODTJCTION

The precise mechanismim by whiich the

carbamates inhibit cholinesterase has been
a subject of sonic controversy, particularly

as to whethier a simple reversible complex

is formed (Eq. 1).

E + CX -� ECX (1)

where E is the enzyme, C the group
C(O)NR2, and X the remimainder of tue

carbamate; or whether carbamylation oc-
curs, with the overall reaction (Eq. 2):

E + CX -� EC + X (2)

Equation 2, suggested by Goldstein (1) in
1951 was confirmed by the denionstration

by Wilson et al. (2, 3) that enzyme which
has been inhibited by carhamates recovers
from inhibition at a rate dependent on the
nature of C, amid independent of the nature

of X, implying that X must have left in the
course of inhihitiomi, amid that the recovemy
takes the form (Eq. 3):

EC -� E ± C (3)

Additional evidemice w’as the demonstration

by O’Brien et al. (4) that inhibition was
accompanied by release of X at time pre-

dicted rate, in accordamice with thie overall

reaction of Eq. 2. They also shiowed thiat

the kinetics of iimiiibition were in accord-
amice withi an equation of a form identical

with that developed by Kitz and Wilson

(5) imi 1962 for inlmibition by methanesul-

fanate inhibitors amid b)y Main (6) in 1964
for iniiii)ition by organophosphiates. This

equation is based on thie formation of a
reversible complex, ECX, followed by car-

bamylation (k2 step) aiid subsequent re-
covery by decarbamylation (k3 step):

ki k, ks
1� + CX ECX -+ EC -i E + C

km \
x

(4)

The concentrations of time above species at
any given time will i)e shown as (E), (CX),
etc., and tue imiitial comicentration of E as

(E0). The value k_1 /k1 is also termed K,3,

tile dissociation constant of ECX. When
conditions are such that k3, which is the
slow’est step, can be neglected (i.e., when
the experiment is performed within a few

minutes) it was shown [O’Brien et al. (4)1
that the equation derived from time above

fornmuhation is indeed followed:

I t I,..) I

= 2.3� I 1.#{149}K,, “a

(.5)
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where i is the inhibitor concemitration, t the

time of incubation (tIme term t is used
throughout in place of the � t of the origi-
nal forniulation) , and � log V the change,

caused by inlmii)ition, in the logarithm of

the velocity of time reaction with substrate.

Equation 5, whmichi w’e shall call the Main

equation because we have emplove(l imis
form of it, was used by O’Briemi et a!. (4)

to measure approximate values of Ka Flild

k2 from data describimig the dependemmce of

z� log V upon i. (‘oimfornmity withm the Main
equation was the oimly evidence that in fact

a reversible-complex step was imivolved.
Time preseimt study huts three principal

objectives. One is to examimie the kinetics
of inlmibition whmicim prevail when k. cannot

be neglected, i.e., iim prolonged experiments,
where steady-state conditions l)revaii; a
second is to reexaniimme the validity of time

Main equation with respect to short-term
carbamate imihibition ; and a third is to

l)m’O\’ide quite diflerent, imidependent evi-
dence timat a reversible-complex step does
occur.

Much of time work WflS i)emfoiimme(l with a
purified samnple of time insecticidal carba-
mate called carbarvi. It is I -naphthyl

methvlcarhaniate.

METHODS

Winthrop bovimme erythroe te neetylcho-

hinesterase (AChE) was used for all tests.

All reagemits � macic up in phosphate
buffer 0.05 M and pH 7.0. A water bath

attachmemit was emuploved so timat a con-
stant teniperature of 38#{176}was maintained

during tile tests. The Main kinetics were

performed by the acetyithiochohimme method
previously described (4) , but witim time time

of incubation with inhibitor reduced to 20
sec. This permTmitte(l the use of imigher inhibi-

tor concentrations. The zero-time studies
w’ere performned as follows.

�iIodified Elliiz an procedure. �\ Leasure-

ments w’ere niade wit.ii a Becknian DT.J
Spectrophotommmeter at 412 m1�. using the
color reagemit 5,5’-dithiobis-2-imit robenzoic

acid (1)TNB) (7) . The machine was zeroed

on a blank containing all time reagents cx-
cept AChE. Acetylthiiocholimie was ma(Ie up

at 3.75 X 101 M in buffer containing 1 mg

DTNB per milliliter. Time final dilution of

the cambamates was made with this solu-
tion. Additions of reagemit� during the tests

were iiiade with a syringe to achieve rapid

mixing.

ACimE, 1.5 mmii, (1 unit/nml) , was pipetted
into the cuvette. At zero timne, I ml of

acetylthiochohine was added and readings

were taken every 10 sec for 1 mimi. Then 0.5
ml of acetylthioehiolimie was added, and

rea(lmgs again were takemi every 10 sec to

estai)hishm time change in time rate of the
reaction clue to dilution. The procedure was
repeated using 0.5 ml of carbamate solution
(containing acetylthioehohine also) for the

final addition, ann! readings were taken

every 10 sec until no furtimer change in the

absorha mice was observed.

1 -Xaphthyl acetate method. Measure-
memits were made with an Amninco-Bowman

spectrophotofluororneter activating at 300
nip. amid emitting at 455 nIp. (the peak for
1-naphthol) ; maximum fluorescence of 1-

naphithvl acetate w’as found at 340 mp..

Glass-distilled w’ater was used for all prep-
arations. I -Napiithvl acetate was niade UJ)

at 4 x 10’ M. The procedure was similar

to the modified Eliman method except that

time initial volume of AChE was 1 ml. A
separate set of readings was taken to estab-

lish the rate of spontaneous hydrolysis of
l-napiitiiyl acetate, and these were sub-

tracted from the test readings.

Reactivation. Two problems were en-

countered in reactivation attempts with

pyr�himie 2-aldoxime methioclide (2-PAM).
High concemitratiomis inhibited the AChE. A
2-P�A\1 final concentration of 10� M was

therefore used. This concentration inter-

ferecl with the ASCii method which was

then 1)eiimg Use(l, anti tlmel(’fOl(’ time following

procedimme was used. 1) rv AChE, 125 units,
was added to 0.25 mmmlof carharyl, 5 )< 10�
M iii buffer, and nmeubate(i at 38#{176}for 15

mum. Then 250 ml of 2-PAM, 10� M in

buffer was added, time solution was held at

38#{176},and saniples of 0.4 ml were withdrawn

at intervals an(i addeti to 0.4 ml of acetvl-

clmohine 8 X 10� M in water, held at 38#{176}for
3 mm; residual acetvhcholiimc was then

mneasured by time method of Hestrin (8).

Frog rectus preparation. The frog rectus
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Fm. 1. Progressive inhibition of acetylcholin-

esterase by various concentrations of carbaryl,

with substrate added after the indicated times

(minutes)

KiNETICS OF CHOLINESTERASE CARBAMYLATION 123

Mol. Pharmacol. 4, 121-130 (1968)

abdominis muscle was used with a Ringer

solution at room teniperature (9). A good

linear relation was found between contrac-

tion and acetyicholine concentrations of 1-

10 �M. In order to study carbamate effects
at the receptor level only, it was necessary

to destroy AChiE. This was clone by incu-
bating with 10 p.M paraxon for 20 miii, then

washing twice. (Prior experiments estab-
lished that this l)rocedure destroyed all time
AChE, as judged by time fact that addi-

tional incubations led to no further sensiti-
zation.) Time response was now 2-fold more

sensitive than before; it was measured with

0.5 �M acetylcholine. Time effect of carbaryl

was measured by incubating with 100 p.M

carbaryl for 15 mm, themm washimig and
measuring again with 0.5 p.M acetyleimohine.

RESULTS

Steady-State Inhibition

The Maui equation is only applicable
when the inhibition time is simort enough

that the k3 step can be ignored. With long

periods of incubation of enzyme with in-
imibitor, it has been observed (4, 10, 13)

that for any given concentratiomi of carha-
mate i, the plot of residual enzyme activity

against time diminishes initially imi a first-
order way (as in Fig. 1) and then forms a
plateau whose height is characteristic of i.

2

i/S

11G. 2. Relation between carbaryl concentration

(8) and steady-state percent inhibition (V) of

ace! ylcholinesterase

Substrate (acetyithioclioline, 2.5 m� final con-

centration) added after incubation with inhibitor.

Subsequent assay as in O’Brien et a!. (4).

The question is, what parameters determine

the plateau height?

Equation 4 makes it clear that carba-
immates are substrates for chmolinesterase; it
is because of time slow km step, whose half-
life is 19 mm at 38#{176}for methylcarbamates

[O’Brien et al. (4)], that timey have a slow
emmough turnover to appear as inimibitors.
Time plateau hmeights measure time amount

of enzyme still uncarbanmylated; thus a
plateau at 60% of immitial enzymmme activity

meamis’ that 60% is umicarbamylated, 40%

is carbamylated, i.e., is in the form EC. The
velocity of the overall reaction with carba-

mate is given by k:m (EC), because k3 is the
slowest step (the k� step imas a half-life in
the order of 0.5 mum). Time relative velocity
(V) is thus directly proportional to (EC),

wimieim, when eXl)resSed as a percemmtage of
3X 0-6 N. �E0), is time percent inhibition. Conse-

quently, usimmg percent inhibition as a
nmeasure of V, one can plot 1/V against 1/S

6 X io6 N. (S in this case being the carbamate con-
centration) in the usual Lineweaver-Burk
plot, and hence evaluate Km for the reac-
tion of Eq. 4. Such a plot is shown in Fig. 2

for carbaryl. By thus procedure, the K,,,
lOX 10 N. values for three carbamates were evaluated,

and are shown in Table 1.

1 Under assay conditions such that the large

excess of acetylcholine used succeeds in displacing

that carbamate which is bound to the enzyme as

reversible complex, ECX.



TABLE 1

Evaluation of constants by Main analysis and L-ineweaver-B’urk analysis

Standard errors are given after each value. Main and Iverson (19) have pointed out statistical advantages

in plotting it/2.3 � log V as a function of i, instead of the original procedure of plotting t/2.3 � log V as a

function of 1/i. This procedure yielded for carbaryl figures of 10.9 ± 44 X 10’n for K1 and 12.1 ± 0.69

min’ for k2, in �xcellpnt agreement with the findings in the table.

Main analysis was peiformed with incubation limes of 20 sec. This time, b�ing well within the first-order

part of the inhibition (Fig. 2) gives better values than our earlier approximations [�YBrien et at. (4)j.

Cat-bury!

3,5-1)iisopropylphcnyl
methylca rhamul e

2-Ispropoxvplienyl
metln-lcarl)amate

Front Main analysis

k2 12.2 ± 0.67 6.07 ± 0.61

HP X K� 10.1 ± 1.84 -� 4.67 ± 0.67

From Linewcaici-B ui-k an alysis
10� X Km 3.47 ± 0.37 0.544 ± 0.015 2.99 ± 0.28

10� x k� 0.825 ± 0.036 4.94 ± 0.3!) 1.21 ± 0.076

10� X K� Oil) 2.8 X 10-2 2.0

0.16 0.15 2.44

1 For this compound, the line Cxl i-apolat�d from the experimental points appeared to go through the

on�mn so thit M�un kinetics tould not be used bolubmlitv limit itions pte� cnt( d the use of high concenti

is readily obtained; k2 can be obtained by
Main analysis (4) and k3 by studying re-
activation of inhibited enzyme (2-4).

Short-Ternl Inhibition

�Javing explored the kinetics of long-

term (steady-state) inhibition, certain new
facts become available to enable a fresh
examination of the prpblem of short-term

inhibitipn, which was studied in a previous

paper (4). he Main equation, Eq. 5, de-
scribes events occurring in the short term.
In the development of Eq. 5, Main used an

argument (which will here be translated

into terms of carhamate inhibitipn) analo-
gous tp that familiar in Michaelis-Menten
kinetics, that under steady-state cpnditiop�

_______ = K 7
(EC�)

As in the Briggs-��tldane correction of th�

Michaelis-Menten treatment, �q. 7 is true
only when k_1 is much larger than k2. It is

based pn the apprp�imation that the princi-
pal rate of breakdown of EC� is despribed
by

- �(f�) = k1(�i�C�) (S

(0)
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lions, which give points close to I he axis.

In Fig. 2, the intercept on the y axis is
greater than 1Q x 10�, i.e., even infinite

earbamate concentration does not give
100% inhibition. The reason is as follows.

The rate of formation p1 �C is k� (ECK),
and of its breakdown is k3 (EC); at steady

state (ECX)/(EC) k�/k�. Using k� =

Q.Q�7 [�‘�rien et al. (4) j and k2 for carba-
iyl 12.2 (Table 1), then (EO�)/(EO)

0.O0�. Thus with saturating carbaryl

eon�entratipns, 0.3% of the enzyme is in

the form (�CiK), which under the assay
conditions of Fig. 2 appears as uninhibited

enzyme.

Let us npw �onsider what the value Of

�, indicates abqut the constants of Eq. 4.
Gutfreund and �Tammpnd (ii) have cpn-

sidered the precisely analpgous case of
hydrplysis pf st�hstratps by chymqtiypsin.

hey have shown that, in the terms used

herein:

K - k3 k.1+k2
- /,� 4 k;1 k�

The steady-state miniJition (V) caused
by a given �arbamate concentration (�)
could therefore be evaluated if all the cpn-

stants in �q. � were knpwn. It will b�
shpwn belpw that th� value (k_, + k2)/k1
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However, this relation is correct only if
k� is mmmueh smaller timamu k_1. If such is not

time case, time correct relation is:

- (l(E( X) = (I’� + /‘)(E(X) (9)

\\Themi this consideration is inserted into

Main’s argument, the result is not. Eq. 5,
l)ut:

I - I “211 - ‘10)

� 2.:3�log1�/�,+/� /:l+/’2

Equation 10 shows timat time l)recise value

givemm by time reciprocal of time y intercept

of a Main plot (i.e., a plot of 1/i agaiimst

t/2.3 � log V) is not k_1/k1 wimicim is K�1, but

rather (k1 + k3)/k1, whicim we mmmay refer

to as K�. In time case that k� is mmmucimsmaller
than k1, K� is almost idemmtical to Ka.

It follows that the values whmieh we pie-
viously reported (4) for Ka, whicim were

determined by Main analysis, simould more
correctly be called K�. Whether K,, is a

close approximation of ‘�a depends upon

determmiinatiomm of the relative sizes of k_1

and k2, a matter examined umider Discus-

sion.

Time introduction of time l)amanmet(�r K�

suggests a reexammuination of Eq. 6, wlmicim

may be rewritten:

K in = L.2+ I:;

With this equation one may cheek time

accuracy of any one of time values for these

commstammts. For example, one may compute a

value for k3 and compare it witii experi-

memmtal measurememmts. For carbaryl, using

values of K� and k2 froimm Maimm atmalysis,

and Km frommi Lineweaver-Burk analysis

(Table 1), one may calculate from Eq. 11

that k3 = 0.042 min1. This finding conu-

pares favorably with values of 0.055 nuin’
from leaving-group analysis and 0.037

mnin1 fromm’m recovery times on dilution (4).

Attempts to Simplify the Mea.sui ment of

In view of the fact that Main analysis

provides a value for K,, rather than the
much-desired K,, (desired because Ka is a

reciprocal mmmeasure of affinity), one miglmt

elect to fimmd this less desirable value by a

less laborious teeimnique. A family of curves
shmowimmg, for various immimibitor coneentra-

tion, time logaritlmmn of fractional activity as

a fummetion of time camm yield K,� (by plot-

tiimg time plateau imeigimts in Lineweaver-
Burk plots) amm(1 also k� I time apparent first-

Order rate commstammt; k1 k3K, (mefs. 5, 6)]
heeau�e a value of k1 is giveim by each of

time first-order portiomis of the curve, whose

slope is -k1 1/2.303 (ref. 12). Equation 11
can be rearranged, amid the consideratiomms

immsem’ted that k k21/K, whence:

I
1 1’

- � (l�)
K,,, /:m

Thus by usiumg time value k1 0.037 tiibt ‘

obtaimmed frommu recovery experimiments, one
camm obtain K,, and timerefome k�. Umifortmi-
nateiy, time problenu arises of a small (hf-

ference between very large mmumbers in the

denomim in ator.
Time results for thmee carbanmates are

given in Table I ummder time heading, “From
Limmeweaver-Burk” aimalysis, but time agree-
nment with the values obtained by Main

ammalysis is poor, and therefore time proce-

dure is mmot recommmnmended.

An Independent Proof of (‘o inpiex

(Ii) Formation

Doubts have beeim expressed by Reiner

and Simneon-Rudoif (13) about the exist-

eimce of a reversible complex (see Discus-

sion). 1mm respomise to these doubts, it is
desirable to give au indepemident proof of
commmplex formation. Time only evidence for

conmplex formation described so far (4) has

beemm coimformity with Main kinetics, es-

pecially in a positive iiitercept on a Main
plot., whicim implies that at short incubation
timnes, even immfinite carbamate concentra-
tions do mmot give infinite inhibition, i.e.,
total conversion of enzyme to EC. Timere is

timerefore a saturation pimenomenon analo-
gous to timat observed with conventiommal

substrates; once tue enzyme is saturated
with carbamate, time rate of formation of

EC (which is time ommly species nieasured as
“immimibited enzvmmme” when One works with



low commcemmtration of carbamate and Imigh

concentration of acetylcimohine for assay)

cannot be increased by immereasing time comm-

centration of carbammiate.
An alternative approach would be to

examine commtimmuousiy a reaction of enzyme
with substrate, theim at zero time, add in

carbamate at a commcentration large emmough

to commipete with time substrate and give,
virtually instammtly, a significant atmiount of

reversible commipiex, ECS. After this prompt
reaction, one should timen observe time pro-
gressive carbamylation reaction, its rate

being a measure of k2. Imi simort-tertim experi-
ments, time comitribution of km \Volmi(1 l)e

imeghgible.
Studies were therefore perfommmied musing

either of two substrates (acetyithiocholine

or 1-fla�)hithiyl acetate) eacim by a different

assay procedure, and timree different eari)a-

mates. The techniques used permitted con-

tinuous monitoring of the reaction rate. Time
substrates were used at a comicentration

equal to their K,,,’s, and time inhibitors at

u 20
U,

0

� 0

a
o �

Fic. 3. Rate of hydrolysis of 2.5 nil of 1.5 x iO�

M acctylthiocholine by AChE

At the vertical (“zero time”) 0.5 ml of 2-iso-

propoxyphenyl methylcarbamate (5 x 10 M final

concentration containing also 1.5 X 10� M ticetyl-

t.hiochoiinr) �VIiS added. Dashed line shows medtmc-

tion in hydrolysis caused by :tddit ion of 0.5 ml of

:tcctylt hiocholine alone. “Minutes” refers to the

time after acetylthiocholine m�’as added for time

of intiil�ition of carbanmate jiltis (‘Tl7.m’flh(’. d(’(IflCt

I nun.

commcemmtratiomms high enough to give coin-

plete inhibitiomm in 3 minutes. Enzyme and
substrate at 38#{176}were mixed, allowed to

react for 1 minute to establish the rate of

hydrolysis, then (at “zero time”) carba-

mate was added. Figure 3 shows that at

zero time timere was indeed substantial in-
imibition, as shown by extrapolation back to

zero time and correction for the dilution

involved imm ad(ling carbamate.

Figure 3 theref ore demommstrates that
under appropriate circumstances (selected
so that time carbamate concentration is high
enougim that measurable complex can exist

even when substrate is present) one can see

two kinds of inhmibition reaction: one is
very fast, occurring immmmediately after add-
ing carbanmate; the second is mucim slower.

Timese two reactions we interpret as being
(hue to rapid formation of complex ECX,
and slower conversion of ECX to EC (with

commcomitaumt replenishment of ECX from

E plus CX).
Time intercept at zero time was calcu-

lated by a commiputerized regression proce-

dure. For eacim carhamate except carbaryl,
at least two runs witim each of the two sub-
strates nmethods were performmmed; each run

employed a different solution of enzyme
and a differemmt stock solutiomm of carbamate.
In time case of carbaryl, the 1-naphthyl

acetate mmmetimod could not he used because
of time fluorescence of the carbaryl. At zero

time, time inhibition camm 1)e regarded as of
a simple commipetitive type, and therefore

see Webb (14)1 described by:

(‘�;)
I = I,,, / (13)

(�) +

Where (8) is time substrate amid i the inhibi-

tor concentration, and V is the velocity of

time substrate reaction just after addition
of immhibitor. The value employed for Vm

was twice time uninhibited substrate veloc-
ity, because time reaction was performed

wit hi a �um1)stmate commcemmtration cquai to Km
(the timie Urn cannot be experimentally
measuretI because of excess substrate inhi-

bitioim). For K., in Eq. 13, whichm is the
thissocitit.iomi constant for substrate and en-

2 3

Minutes

126 It. 1). O’BRIEN
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TABLE 2

Estimates of K,, from zero-time inhibition

The Km values used (as approximations of K.) in the calculation of K,, from Eq. 13 were experimentally

determined, the values being 1.45 X 10� M for acetylthiocholine and 1.91 X 10� m�t for 1-naphthyl acetate

at 38#{176}and pH 7.0.

Acetylth iocholine method 1-NC ‘tphthyl acetate method

Zero Zero
10� X tinme 10� X time

carbamate inhibi- carbamate inlmibi- 106 X
cone. tion 10� X K� cone. timt 10� X K� mean K,

Carbaryl 5 19 11.1 -- - 12.8
5

5

14

18

15.6

11.6

.-

�

-

---

-

-

-

.

o-Isopropoxyphenyl 5 26 7. 1 5 27 6.5 7 9
methylcarbamate 5 21 9.4 5 23 S .5

3,5-Diisopropylphenyl 0.5 6 3.6 1 14 3.0 34)

methylcarbamate 0.42 S 2.5 0.72 11 3.0 -�

0.6 10 2.7 - - ..

zymne, time km lot time appropriate SUI)StiatC
was used as time nearest available ap-

proximatiomm.
Calculatiomms of K,, for three carbamates

could therefore be Immade. They are shown in
Table 2. Clearly there is good agreement

between runs and between diffemeimt, sub-

strates. Furthermore, agreement with K,,

calculated from Main analysis (Table 1)
is very good.

Substrate Inhibition of the k2 Step

The data of Fig. 3 have been simown to

give values of K,, deternmined by time zero-

time mmmethod, �vimicim are in good agreenment
with K,, determined by Main analysis. It
should also be possible to obtain a value

for k,, whiicim should be givemm (Iirectly by
time slope of the progressive part of the imm-
hibition reaction. Exanminatiomi of Fig. 3

shows a imaif-life of 36 sec for the progres-
sive part, implying a k� of 1.15 nmimr1. This
is about omme-teimth of the k2 calculated by

Main kinetics (Table 1). The most crucial

difference 1)etWeen the zero-time and Main
methods is that in the fornmer, substrate

(1-napimthyl acetate or acetylthiocholine)
is present at all times, and the concentra-

tions of substrate and immhibitor ame such as
to permit inhibition to continue in time
presence of substrate. The inhibitions re-

I)0t’te(l timerelome occum imi time iresence of
substrate. 1mm the Maimi nmethmod, more sub-

strate (acetyichioline) ammd less immhil)itor is
used, so that time immhibition reaction stops

when substrate is added. Commsequenthy the
inhibitions reported occur immthe absemice of

substrate.
It therefore appears that time k� step

proceeds far nmome slowly whemm substrate is
present, i.e., it is inhibited by substrate.
rpaijl 3 shows that time extent of this inhi-
bitioim varies a good deal with carbamnate
and with substrate, preslmmmmal)ly reflecting
variations in time relative affinities of sub-

strates and carbamates for some group es-
sential in time actual carbammiylation step.

It simould be empimasized timat timis pimenoni-

enomm occurs quite immdepeimdently of time

usual competition for binding (i.e., conmpe-

titioum at time Ka step).
Time i)helmOnmemlomm of imihibition of time k�

step was independemmtly deniommstrate(l by an

experiment origimmally designed to confirmmm
that simple competition (i.e., of the K,,
step) occurs in a predictable way. Acetyl-
thiocimoline at a variety of concemmtrations
(such that K�,/S varied from 2.8 to 0.07)

was mixed witim carbaryl at a concentration
2 K,,, ammd added to time emmzyme. Twenty

seconds later, time reaction was stopped amid
the amount of substrate imydrolysis meas-
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TABI.E 3

Inhibition (if (Ii” k2 #{149}�t(/)�‘!/ .‘mm,bsl,utcs

‘I’lie ‘k2 wit hotit subst rate’’ is from �\Iain kinetics’
Table I, except for diisopropvlphenvl met imyl-

la rbainat e, for which it was I ecessarv to compimt e

it. from A2 = k�K1, using 1:� from Table 1 and K,,

front Table 2.

I -Naplit hvl A(et �1t Ido-

a((ta (1.’ choline

k2 in- % in-

�vitlmout lIil)i- lIil)i-
(artnLmate substrate 1.2 tioti i� lion

Carbaryl 12.2 -- -- 1 . 15 91

o-Isopropoxy- 607 1 .59 74 0.49 92
pimenyl

methylcar-

bamat e
3,5-I)iispro- 3.63 1 .98 45 1 .26 65

pyiphenyl

inethylcar-

Iuainate

ured. (Jime would expect to observe immhibi-
tion caused in part by prompt ECX
formation (“zero-timmie inimibitiomm”), to an
extent depemiding on how’ much substrate
was present iii (‘ommipetitiomi for emmzymne sur-

face, plus additional inhmii)it.iomm caused by

EC productiomi that occurred in 20 sec.

Time results (poimits in Fig. 4) were conm-

pated with calculations based omi Eq. 13 to

simow only time predicted zero-time contribu-
tion (line in Fig. 4) . Clearly, virtually all

time immimibition observed was ascribable to a
zero-time effect, so that very little EC for-
mation occurred in 20 sec. Yet time k2 for
carbaryl is 12.2 mmmimv1,implying a half-time

for conversion of ECX to EC of 3.4 see, so

that in time absemmee of substmate-inimibition

of k2, one would have expected a great deal
of EC formation in the 20 seconds. Time ob-

serveti results ame understammdable only
wimemi one takes into accoummit substrate imm-
hii)ition of k2, wimicim has time effect of re-

ducing profoummdiy the rate of conversion of

ECX to EC.

Reactivation

The reagent 2-PAM (2-pyridimmealdoxime
mimethmiodide) accelerates time km step in the

case of omganopimosphates, wimichm in m’nany
ways act in a way parailel to time carba-

mates. Wilsomi et al. (3) simowed timat such

is not the case with dinietiiylcarbamates.

We umow confirm timis for time methylcarba-
mnate carbarvi. It was foumid that time half-
life of recovery from total iniiibition was

23 nun at 38#{176},in the presence or absence of
10-i �m 2-PAM. Thmis finding is reflected in

time lack of timerapeutic value of 2-PAM in

time poisoning of mats i)y carbaryl (15).

Receptor Action

In omder to understand time physiological
effects of carbamates, one would like to
know whether timey caum affect chiohinergic

receptors as well as acetylcholinesterase.

rrimesleff and Qumastel (16) suggest timat “all

acetylcholinesterase inimibitors, in sufficient
commcentration, imave a “cumarizing” action

and block neuromuscular transmission.”

The frog rectus preparation was used, with
its AChiE destroyed (see Methods). Car-

C

0

.0

C

w

U

I’m. 4. Io/mthitmon of ace! ylcholinc,sterasc (2.5

mm,mits’inl, final concentration) by carbaryl (2 X

10 ‘ M final concentration) mixed wit/i r’ariatms

COOC(fl lr�lions of acetyithiocholine

lie:ut ion was stopped after 20 sec by adding

an equal volimme of DTNB, 0.5 mg/nm! in ethanol.

Opm’n circles and filled circles represent experi-

nu’umts on t wo different days. with differeumt batcimes

of I’eagents. TIme line is that calculated from Eq.

13 describing inhmbitioim at zero tinme, using K,,1

for acety!thioeholine (1.45 x 10�) in place of K,,

and using K� = 1.01 x l0� for carbaryl, from

Table 1.
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baryl, iumcubated at 10� M for 20 mimi, had

no effect upon thus preparation.

1)ISCUSSIOX

Attempts to Calculate k1 and k..1

An opportummity appeals to exist to (om-
pute k1 and k_1 fmommm time data provided
above, if and only if K5 is a close approxi-

mation of K,,. For timemm, Maimu ammalysis of

short-termmm inimibition camu I)e umsed to find

Ka amid k2, Limiew’eaver-Burk analysis of
long-term inimibition can be used to finch

K,,,, amid k3 can be mmieasurcd by observiumg
recovery (decarbamylatiomi) of carbammmyl-

ated enzymmie (2-4). One simould then be able

to insemt these data into Eq. 6, along witim

time consideratioum that K,, :� k_1,/k,, aumd
solve for k, and k..,.

Calculations of k1 ammd k_,, were iim(ieed
attempted by time above procedure. But an

ummfortumiate aspect of Eq. 6 is timat nmo(ier-

ate errors in .K,, or K,,, lead to emmorummous
variatiomms immestimmiates of k1 or k_1, because

time answer emmmemges as a smali difference

betweemu large mmummmbers. This camm i)e seen if
Eq. 6 is rearmaumged:

/1�2

I”t =

(12 + I��3) - K,, (14)

If one uses for carbaryl values of k2, K,,,,

and (in place of K,,) K,, as givemm by Main
kinetics �Table 1) equal to 10.1 X 10�
along with k3 = 0.037 [see O’Briemm et al.

(4)], oime obtains k1 = 8.9 X 10�. But if
one uses K,, = 12.8 X 10�, whichm is the

value given by the zero-timmme procedure de-
scribed below and is chose to time value of

10.1 X 10�� in Table 1, a negative value for

k1 is oi)tainech. Clearly timis proeldume for
computing k1 and k_1 is applicable only if
one’s kmmowledge of all time constaumts is cx-

tremmuely precise, and such is not time case at

presemut.

Other Interpretations of Inhibition Kinetics

Time above Lineweaver-Burk interpreta-

tion commtrasts with time simpler interpmeta-
tion of WTiimteringimammm and Fowler (10) and

\Vinterimmghammm (17). They assumed that time
reaction is adequately described by

E+CX-’EC--’E (15)

Using thins assunmption, they conclude that

immhibitiomm, expressed as v/v,,, where v is time

substmate imydmolysis jim aim inhibited system

and v, timat in aim umminimibited system, is

described by

1(1 + ii:,, /5)

(14

�vhmere i is ilmhmibitol commcemitratioim. ‘\Vilmter-

immgimamn (17) used this equation to conmput.e

time effect of dilution of wimole blood cholin-

esterase on inimibitiomu in a system at steady
state, i.e., piateau coimditioums as defined
above. At 25#{176},10� M isopropoxypimemuyi
methylcarbamumate gave amm inimibitiomu of
92%. Calculatiomms based on Eq. 16 indi-

cated timat a 10-fold dilutiomm ought to me-

duce time inhibition to 53%; experimemmt
showed this value to be 76%. Similar sub-

stantial discrepammcies were described for

seven other condit.ioims, amid an explanatiomm
was offered imivolving a hypothetical mmomm-

aqueous l)hase immto wimich immimibitor diffused.
Dimect readings fmonm oumr owmu Limmeweavem-

Bumk plots show that 10 � �i of this carh)a-
mumate immimibits 92% at steady state, amid

1O�’ .‘�i imihibits 73%. Our experimental find-
ings timemefore agree remarkably well w ithm

\Vimmtemimmgimanm’s, and timis result is fuhiy in
keepiuig witim our theoretical picture of time
inhibition process, w’itimout requiming an

additiommai huypothesis about a nommaqueomms
phase.

It wns poimmted out above thmat Reiuier

and Simmmeomu-Rudohf (13) doubted that a

comimplex (ECX) existed. Time groumnds weme
timat imuimibition by o-isopropoxypiuemmyl
metimylcarbamate w’as imnaffected by dilum-
tioim of up to 30-fold, the diiutiomm beimmg

pemforniecl after ineubat immg enzyumme ammd in-
iii l)itOi, amm(l hefome athihimmg sumbstmate fom time

assay. Timis PIOeed’.umc is time usual one for

studyimmg immimibitiomi ; smmmahl coiicentratioiu� of
carbammmate are employed, and time addit�on

of substrate (at high concemmtratiomu) terummi-
muates time iuuiiibitiomi reaction. If theme were
a nmeasumrable anmoummmt of ECX pre�emmt ammd
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contributing to time observed inimibition,

then on dilution its level simould be reduced
an(i time observed inimibition lessened.

Reimmer amid Sinmeon-Rudoif (13) used

10 M o-isopropoxypimt’umyl nmethmyicamba-

immate. If omme uses K,, for this compouimmd, i.e.,

2 >� 10 �r, fromui our Table I as aim aim-
proxirnation for K,, then omme can calculate

frommm Eq. 7 timat oumly 2% of time enzyme IS

in time complexed fornm inmnmediately after

the addition of cambammmate; this anmoummt dc-

(‘lines therea ftem. Furthermmmore. since time

sumbstrate (acetylchohimme’( use(I in time assay
wm� 10 2 M, then time folIo mmmeasummcd as

‘‘inhlihite(1” was vimtimaliv all EC, for time

ECX form would i)e (hispla((’(l (‘oimil)eti-
tmvelv by time 1000-fold excess of substrate.
amm(i would not comitribute to time observed

immimihition. Fom timese two measomms, OliC would

not expect. to see cimammges iii imiimihitiomu with

im(’ (lilution procedure that � emumploved.

Sabst rate Inhibition of the k2 Step

Time mnecimanism of this immhibitioum i�, of
course, unknown. One possibility is timat

earhamate-binding occurs at a (lifferent site
from time carbaunyhation itself, an(l that
both sites hmave an affimmity for substrate,
which camm timerefore affect sepamatelv time
himmding and carbamylatioum steps. Time phe-

nourmenomm is soniewhmat aumalogoums to excess-
substrate inimibitioum, if time latter pmoceecls

according to Kmupka (18� , that is, by a
second nuoie of acetylcimolimme hiii(liumg to time

acetyhated emmzynme, amid thmerely inhmibitimmg
the (leacetylatiomm step. Kmupka provides
tvidence timat choline ammd tetramnethylam-
rnommiummm iumhmib)it acetvlclmoline im’vdmoivsis in

a similar way.
A theoretical possibility would be that

all time blockade of carbamate imuimibition
caused by substiate is (lime to aim effect upon

time k2 step. however, timis is clearly not the
ease, because time ealcumiat.ions of K,, i)ased

upon zero-timmue studies assume time occumr-

rence of simple competitiomi at time .ka stel)

(as described by Eq. 13) and provide excel-

lent. agreenment with K,, calculated fmommm
M:mimm kiuietics.
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